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A seesaw mechanism is presented in the neutrino sector and a new phase of CP violation (α)
emerges in the interplay between the type-I and type-III seesaw schemes. This phase is inside the
mixing term, and thus it cannot be rotated away in the Yukawa Lagrangian and, therefore, the
heavy symmetry states cannot be in a diagonal weak basis in the broken phase. Some particular
descriptions are analyzed suggesting that if the usual Yukawa couplings are suppressed, leptogenesis
still occurs due to a new interacting vertex with fermion triplet T , fermion singlets N , and an ad-hoc
scalar triplet, Σ, which now is included to mediate the interactions. The evaluated CP violation is
enough to generate the observed matter-antimatter asymmetry even in the minimal 1N + 1T case
(independently of α) or in the 2N +1T approach (controlled by α). The latter introduces more CP
contributions to leptogenesis due to new diagrams which are now possible even with the suppressed
imaginary part of the standard Yukawa couplings and can induce the observed baryon-to-photon
ratio.
PACS numbers: 13.15.+g, 13.35.Hb, 14.60.Pq, 14.60.St
I. INTRODUCTION
Minimal extensions of the standard model (SM) usu-
ally add heavy singlet fermions (commonly called as
right-handed neutrinos) to the SM lepton sector, NiR ∼
(1, 0). They have very large Majorana masses and are
linked to the light neutrinos realizing the type-I seesaw
mechanism [1] and also producing the lepton asymmetry,
which is transferred to the visible baryon sector, generat-
ing the baryon asymmetry of universe (BAU) [2]. It oc-
curs due to sphaleron processes [3] in the so-called lepto-
genesis mechanism [4–6]. The existence of similar mech-
anisms of type-II [7] and type-III [8] adds to the stan-
dard model scalar triplets, Σ ∼ (3,+2) , or right-handed
fermion triplets, TR ∼ (3, 0) , respectively. Nevertheless,
the hypercharge forbids their general interaction. These
usual seesaw mechanisms describe a Majorana mass
term for the neutrinos as Lmass = 12nTLCM∗nL + H.c.,
where the neutrino mass matrix is constructed on the
symmetry basis nL =
(
νL N
c
R T
0c
R
)T
and the fields
νL = (ν1L, ν2L, ν3L)
T are the left-handed neutrino com-
ponents, N cR ≡ (NR)c = (N c1R, N c2R, N c3R) are the heavy
right-handed singlet components and T 0cR ≡ (T 0R)c =
(T c1R, T
c
2R, T
c
3R) are the neutral fermion triplet compo-
nents in the most general three fermion family model.
The full diagonalization of the generalM9×9 allows one
to obtain the physical neutrino eigenstates and gener-
ally carries enough phases to CP at low energies even in
minimal setups [9]. Minimal versions of these extensions
with only two heavy neutral fermions (general M with
only 5 × 5 entries) have been extensively studied in the
literature [10] and are widely applied to the leptogenesis
mechanism.
∗ edisonfranco@uft.edu.br
Since in the standard scheme there is nothing to forbid
the use of a weak basis (WB) where the masses of heavy
neutrinos (MN) and heavy triplets (MT) are real and
diagonal, one can choose this WB to easily diagonalize
M. Once the components of MN and/or MT are much
heavier than the Dirac off-diagonal components (mD and
m
′
D) one can make a block diagonalization and, in very
good approximation [11], the light neutrino sector has the
non diagonal masses given by mν ≃ mII −mM−1mT ,
where m = (mD,m
′
D) and M = diag(MN,MT). The
full diagonalization is easily made since D = M in this
WB while the light neutrinos have the masses diagonal-
ized by d = K†mνK∗, where K is the Pontecorvo-Maki-
Nakagawa-Sakata (PMNS) mixing matrix. Even if we
include more than one singlet and/or triplet, the struc-
ture of M will still be the same, with MN and/or MT
being the related diagonal submatrices. The off-diagonal
zeros persist unless new content is added to the model.
Seesaw models introduce minimal modifications to SM
content by some new particles. Here we need to go be-
yond and insert an interaction between these new species.
In the minimal version at low energies, for example, the
interaction between singlets and the neutral scalar com-
ponent can generate nonzero matrix elements if this inter-
action receives a mass term from a vacuum expectation
value (VEV) of a new ad hoc (nonusual) scalar triplet,
Σ ∼ (3, 0), which can interact with NR and TR and,
therefore, produces a new seesawmechanism by the intro-
duction of off-diagonal terms intoM (specifically into the
submatrixM). This hybrid interaction of the types I and
III seesaw mechanisms emerges naturally from the unifi-
cation when the neutrino mass problem is solved by the
inclusion of an adjoint fermion representation in the min-
imal SU(5) [12]. The adjoint representation has a branch
to the SM group, SU(3)⊗ SU(2)⊗ U(1), given by 24 =
(1, 1)0+(1, 3)0+(3, 2)−5/6+(3¯, 2)5/6+(8, 1)0. Hence, an
interaction term as Lint ∋ NRTr(TRΣ) can be naturally
2achieved from an interaction between two fermions and
a scalar adjoint representation, like Tr(24F24F24S) ∋
((1, 1)0F (1, 3)0F (1, 3)0S)) [12, 13]. This content is cus-
tomarily necessary to save the unification in a variety of
models based on SU(5) [14].
Besides the similar aspects of type I and type III see-
saw mechanisms, the introduction of this peculiar inter-
action generates new interferences between the tree and
loop levels, which contribute to raise the CP violation in
the lepton sector. Yet, the interplay of the different see-
saw mechanisms may be important for the neutrino mass
generation and should explain the small deviations from
the tribimaximal mixing form of the PMNS matrix [15].
Such interactions can induce CP violation in both N
and T decays and should be driven by a new CP source.
Moreover, previous studies have shown that the second
heavy eigenstate may be important for leptogenesis in the
thermal scenario [16]. The asymmetry can be associated
to N (or N1), which is heavier than T , however, playing
the key role for CP violation to leptogenesis. From this
point of view, all CP violation generated by the two light-
est eigenstates among all heavy neutral fermions should
be taken into account. On the other hand, the scalar
triplet Σ can naturally get a vanishingly small VEVV
since it may be inside of the 24S in the unification in
SU(5) [12]. Thus, the study of CP in the decay of the
new fermions to Σ may be important if an interaction be-
tween a fermion singlet, fermion triplet, and scalar triplet
is included. It provides a new relevant CP origin and
complements the usual lepton asymmetries calculated in
the standard seesaw mechanisms in leptogenesis [5].
To study the consequences of this kind of models we
will focus on the minimal examples with only 1NR and
1TR (1N1T) and with 2NR and 1TR (2N1T) . In this
vein, the paper is organized as follows. In Sec. II we
introduce the minimal 1N1T type I+III seesaw model
and some aspects of the diagonalization mechanism for
the Majorana sector. In Sec. III we show the CP violation
generated in T and N decays for the 1N1T setup before
Σ gets a VEV (diagonal M mass matrix). In Sec. IV the
CP violation driven by T and the N1 decays is discussed
in the 2N1T case (also in the symmetric phase) and some
results are derived to generate the baryon-to-photon ratio
in this case. Finally, our conclusions and outlook are
given in Sec. V.
II. MINIMAL TYPE I+III SEESAW MODEL
For the following discussion let us concentrate on the
case where only one fermion singlet and one fermion
triplet are added to SM. In this footing, the most general
lepton sector invariant Lagrangian is given by
− L = yνi ¯ℓLiNRH˜ +
√
2yti
¯ℓLiTRH˜ + yΣN
T
RCTr (ΣTR)
+
1
2
MNN
T
RCNR +
1
2
MTTr
(
T TRCTR
)
+
1
2
M2Σ |Σ|2
+V (H,Σ) + H.c., (1)
where the fermion and scalar triplets are, respectively,
defined as
TR =
1√
2
(
T 0R
√
2T+R√
2T−R −T 0R
)
∼ (3, 0) , (2)
and
Σ =
1√
2
(
Σ0
√
2Σ+√
2Σ− −Σ0
)
∼ (3, 0) , (3)
where the scalar potential V (H,Σ) encodes all purely
scalar interactions. The other lepton fields are the
same as in the SM with heavy Majorana neutrinos [ℓ ∼(
2,− 12
)
, NR ∼ (1, 0)], where H ∼
(
2, 12
)
is the scalar
doublet and H˜ = iσ2H
∗. The Lagrangian in Eq.(1) does
not conserve lepton number in either NR or TR decays.
After all spontaneous symmetry breakings,H gets a VEV
v and Σ gets v
Σ
. The neutrino mass term is given by
Lmass = 12nTLCM∗nL +H.c., where the general neutrino
mass matrix, M, is fulfilled with all seesaw mechanisms
and can be written as follows 1:
M =

 mII mD m′DmTD MN MHy
m
′T
D M
T
Hy MT

 . (4)
In the present case, the entries of the above 5× 5 matrix
are submatrices given by the following connection with
the Lagrangian in Eq. (1):
m
II
= 03×3, mDi =
vyνi√
2
, m′Di =
vyti√
2
, MHy =
v
Σ
yΣ√
2
,
(5)
whereMHy is a scalar complex mass term in the minimal
1N1T model. Consequently, the heavy particles are not
in the mass eigenstates and we have to diagonalize M
by an orthogonal transformation. Let V be the matrix
which does that,
D ≡ VTM∗V = diag (m1,m2,m3,M1,M2) , (6)
where the lowercase letters corresponds to light neutrino
masses and uppercase letters denote the two effective
heavy neutrino masses. This type of minimal setup usu-
ally induces a light neutrino to be massless [10].
The diagonalization of M in Eq. (4) is similar to the
one described in Ref. [11]. Let us rewriteM disconnect-
ing the heavy and light sectors,
M =
(
0 m
m
T
M
)
, (7)
where m = (mD,m
′
D) and M is a complex submatrix
given by
M =
(
MN MHy
MHy MT
)
, (8)
1 Notice that this is similar to the structure obtained in the inverse
seesaw mechanism [17].
3with real elements in the diagonal. Assuming the form
of V as in the type-I seesaw mechanism [11],
V =
(
K R
S T
)
, (9)
we find,
d ≃ −KTmM−1mTK, (10)
D ≃ T†MT∗, (11)
where we should not generally use T ≈ 1 since in this
case the nondiagonal entries can contribute in an unusual
way depending on the strength of the coupling yΣ . On
the other hand, it is easy to show that S ∼ M−1 m,
R ∼ m M−1, and (to a good approximation) V can be
written in terms of only two matrices, namely, K and T,
as follows:
V =
(
K mM
−1
T
− (M−1)†m†K T
)
. (12)
While K is linked to the PMNS matrix and diagonalizes
the light neutrino mass matrix, T is the matrix which
does the similar process in the heavy sector. The study
of the connection of leptogenesis with light energy param-
eters has been extensively explored in the literature [18]
and we will not focus on it.
Let us assume a predictive point of view in which we
have |MN|,|MT| ≫ |MHy|. Generically speaking, the en-
triesMN andMT can be complex constants; then, we can
rotate the lepton fields to a WB where these quantities
are real and absorb all Majorana phases into yΣ . There-
fore, we will start considering MN and MT just as real
elements. Furthermore, these phases cannot be rotated
away by a redefinition of both Majorana fields, allowing
for a complexM. The matrixM is correctly diagonalized
if we define the Hermitian operator, H = MM†, through
the unitary matrix T as D2 = T†HT. The leptonic CP
phases are now in m and also in M, as can be seen from
Eqs. (10) and (11). The four parameters in M are now
manifested as two heavy masses, M1 and M2, and two
phases in the matrix T, for which we choose the following
form:
T =
(
cos θ e−iφ sin θ
−eiφ sin θ cos θ
)
. (13)
If we introduce the Majorana phase α by doing an explicit
phase extraction,
MHy ≡ mhyeiα = vΣ√
2
|yΣ | eiα, (14)
the general eigenvalues of H are given by
h± =
1
2
(
2m2hy +M
2
N +M
2
T ± r
)
, (15)
where
r =
√
(M2N −M2T)2 + 4m2hy (M2N +M2T + 2MNMTcos2α).
(16)
Thus, the effective physical masses are given by M1 =√
h− and M2 =
√
h+. If we assume that mhy is
suppressed compared to MN and MT, then one gets
M1 ≃MT andM2 ≃MN (exactly equal in the decoupled
limit mhy → 0). More generically, it can be expanded for
mhy ≪MT . MN as
M1 =MT − MT + cos(2α)MN
M2N −M2T
m2hy +O
(
m4hy
M4N,T
)
, (17a)
M2 =MN +
cos(2α)MT +MN
M2N −M2T
m2hy +O
(
m4hy
M4N,T
)
. (17b)
If we use T.D2 = H.T we find the following relations
between the two pairs of parameters:
tanφ ≃ MN −MT
MN +MT
tanα, (18)
tan θ ≃ M
2
N + 2MNMT cos 2α+M
2
T
M2T −M2N
× mhy
MN cos (α− φ) +MT cos (α+ φ) (19)
The physical eigenstates are now given by the application
of T in Eq. (13) to the symmetry states, T.NR,
(
N1R
N2R
)
=
(
NR cos θ + T
0
Re
−iφ sin θ
T 0R cos θ −NReiφ sin θ
)
. (20)
Now, by using Eq. (17) it is easy to show that we can
get MN and MT written in the mass eigenstate basis by
the following nonlinear transformation up to the order
O(m2hy/M2N,T):
MT ≃M1
(
1 +
m2hy
M22 −M21
)
+M2
(
m2hy cos2α
M22 −M21
)
, (21a)
MN ≃M2
(
1− m
2
hy
M22 −M21
)
−M1
(
m2hy cos2α
M22 −M21
)
. (21b)
We notice that these approximations are in great accor-
dance for values of mhy . 0.1M1. It should also be em-
phasized that the hybrid seesaw I+III only takes place
when Σ gets a VEV. Without the symmetry breaking by
Σ, the model has diagonal heavy masses, but there are
still new contributions to CP violation due to interfer-
ences of tree- and one-loop-level diagrams, as we will see
below. The exact numerical relation between the ratios
M21 /M
2
2 and M
2
T/M
2
N is shown in Fig. 1 for mhy in the
range 0 < mhy < 10MT. Deviations from a straight line
when mhy 6= 0 shows that the CP violation may have
an unexpected behavior in terms of M21 /M
2
2 since it may
not be exactly written as a bijective function of M21 /M
2
2 ,
giving rise to complications in the broken phase. Notice
also that M21 /M
2
2 is very small for mhy ≃ 1MT.
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FIG. 1. Relation between the mass ratios M21 /M
2
2 and
M2T/M
2
N for numerical diagonalization for 0 < mhy < 10MT.
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T
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ℓj
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N ;T 0 T
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ℓj
H
ℓl
H
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N ;T 0
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ℓj
H
ℓl, ℓ¯l
H,H∗
d)
FIG. 2. Tree-level and one-loop-level contributions to CP
asymmetry in the N and T decays with ℓH and TΣ final
states in the minimal 1N1T model.
III. CP VIOLATION IN THE 1N1T SETUP
Let us assume that the Universe is in the symmetric
phase, specifically when Σ has not yet acquired a VEV,
and therefore M is diagonal and real in this WB. Let
us assume that T 0 is always lighter than the singlet N
and their decay channels at tree level are described in
the diagrams showed in Fig. 2. The CP asymmetry is
generally defined by [6]
ε
(N)
j(fS) =
Γ(N→fjS) − Γ(N→f¯jS†)
Γ(N→fS) + Γ(N→f¯S†)
, (22)
where Γ(N→fS) ≡
∑
j=all Γ(N→fjS) is the total decay
width of N . A similar expression gives the CP asym-
metry in T 0 decays. Notice that the singlet N can also
decay to a TΣ final state. Thus, a kind of sequential
decay mechanism can be applied here and the decay of
N should not be erased by the late T 0 decays, as in the
N2-dominated scenario [16].
Nonvanishing CP asymmetry arises from the interfer-
ences of tree-level diagrams in Fig. 2b with their respec-
tive one-loop diagrams in Figs. 2c and 2d [5, 19]. In the
present model the CP violation in the N decays reads as
ε(N) =
Im
[(
yt†yν
)2]
8π (yν†yν) + 12πY(w, yΣ)
( √
w
1− w + 3f (w)
)
,
(23)
where w ≡M2T/M2N (notice that w < 1 due to the inver-
sion of the usual definition). We have summed over the
final states (vanilla leptogenesis) to elucidate the prop-
erties of this mechanism. Here f(x) is the usual vertex
one-loop function defined by
f (x) =
√
x
[
1− (1 + x) ln
(
1 +
1
x
)]
. (24)
We have also defined the function Y as
Y(w, yΣ) = (w + 1) |yΣ |2 +√w
(
(yΣ∗)2 + (yΣ)2
)
, (25)
which means Y(w, 0) = 0 in the decoupling limit of both
seesaw mechanisms. Notice that Fig. 2a does not have
a nonvanishing one-loop counterpart, and thus it does
not contribute to CP violation in 1N1T case, although it
contributes to the total decay width, as can be seen in
the denominator of Eq. (23).
The CP violation generated in T 0 decays is given by
ε(T ) =
Im
[(
yt†yν
)2]
8π (yt†yt)
( √
w
1− w − f
(
1
w
))
. (26)
If we take the limit for the lightest heavy state (triplet)
(w ≪ 1) in Eq.(26) the well-known result is recovered,
ε(T )
MT≪MN≃ 3
√
w
16π
Im
[(
yt†yν
)2]
(yt†yt)
. (27)
In this case the CP asymmetry generated in N decays
can be neglected, and we recover the usual approximation
when the lightest heavy state dominates the leptogenesis.
The difference in this case concerns only the neutrino
mass generation when Σ gets a VEV.
To get some insight about the CP asymmetries, let us
consider the following simplifications,
yt = O(yt), yν = O(yν)(1 + i), mhy
v
Σ
∼ O(yν). (28)
For M2T/M
2
N = w ∼ 10−3 and O(y)′s ∼ 10−3, we get
ε(T ) ∼ 10−10 while ε(N) should be almost erased or negli-
gible [20]. In this decoupled limit there is no dependence
on the yΣ coupling; then, the low-energy connection is
almost the same as the standard type-I or type-III lep-
togenesis mechanisms. On the other hand, as the masses
get closer the εN is no longer negligible and can be higher
than εT for O(yν) . 10−1O(yt).
From Eq. (12) we can conclude that yΣ =√
2(mhy/vΣ)e
iα, and thus using Eq. (28) we can rewrite
Y as
Y = 2
(
mhy
v
Σ
)2 [
1 + w + 2
√
w cos 2α
]
. (29)
5Using the above equation, one can rewrite Eqs. (23)
and (26) as
ε(N)(w,α) ≃
( √
w
1−w + 3f(w)
)
4π [5 + 3w + 6
√
w cos 2α]
O(y2t ), (30)
and
ε(T )(w) ≃ 1
4π
( √
w
1− w − f
(
1
w
))
O(y2ν), (31)
respectively. In Fig. 3 we can see an example of the sup-
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10-6
10-7
10-8
10-9
w
Ε
Ε
T
Α=Π4
Α=Π2
Α=Π
FIG. 3. Numerical CP violation in N and T decays [Eq. (30)
and Eq. (31)] in terms of w = M2T/M
2
N. The dotted (green)
line is the εT , while the others are values of εN for α =
π/4, π/2, π, O(yν) = 10
−4, and O(yt) = 10
−3.
pression of εT compared to εN for the results presented
in Eqs. (30) and (31), shown in the range 0.5 ≤ w ≤ 0.9,
with O(yν) = 10
−4 and O(yt) = 10−3. The study
of a full set of Boltzmann equations could be neces-
sary to investigate the baryon-to-photon ratio behavior
since the corresponding CP asymmetries are generated
displaced for a very small w (w . 0.5). We will not
consider this possibility in this simplified example once
0.71MN . MT . 0.95MN to avoid an extremely sup-
pressed ε(N).
IV. CP VIOLATION IN THE 2N1T SETUP
The next extension (with two fermion singlets and one
fermion triplet) has the most general Lagrangian, which
is similar to the one presented in Eq. (1) but with the
following small changes: yνi → yνim, yΣ → yΣm,MN →
MNm (all real), and N → Nm. We assume also that Σ
has not yet acquired a VEV and the model starts with
a diagonal M without the need for writing the broken
mass eigenstates.
For the study of CP violation let us concentrate on the
decays of the lightest heavy Majorana singlet, Nk, and
also on the neutral fermion triplet decays, as before. The
CP violation generated by the Nk decays [Eq. (22)] is
εk,j(fS). Γ(Nk→fS) ≡
∑
j=all Γ(Nk→fjS) is the total decay
width of the Nk. The first crucial difference between the
2N1T and 1N1T schemes is in the fermion propagator
with heavy triplets inside the loop and the new final-
state channel TΣ (also at one-loop level), as illustrated
in Fig. 5 and Fig. 6, respectively, which increase the total
CP asymmetry.
The Nk total width at tree-level is now settled by
Γ(Nk→all) = Γ(Nk→ℓH) + Γ(Nk→ℓ¯H†) + Γ(Nk→TΣ) +
Γ(Nk→T¯Σ†) and is explicitly given by
Γ(Nk→all) =
M
Nk
8π
(
yν†yν
)
kk
+
3
16π
[(
M
Nk
+
M2T
M
Nk
)
|yΣk |2
+MT
[
(yΣ∗k )
2
+ (yΣk )
2
] ]
, (32)
where we have used the fact that Γ(Nk→ℓH) = Γ(Nk→ℓ¯H†)
and Γ(Nk→TΣ) = Γ(Nk→T¯Σ†) at lowest order.
Nk
ℓj
H
a)
Nk
Nm
ℓj
H
ℓl, ℓ¯l
H,H∗
b)
Nk
Nm
ℓj
H
ℓl
H
c)
FIG. 4. Tree-level and one-loop-level diagrams contributing
to CP asymmetry in the Nk decays with a ℓH final state.
The usual CP violation in the decay of Nk is due to
the interference of the diagrams in Fig. 4a with Figs. 4b
and 4c, which yields
ε
(SM)
k,j = −
1
8π (yν†yν)kk + 12πY (wk, y
Σ
k )
×
∑
m 6=k
Im
{
yν†kjy
ν
jm
[ (
yν†yν
)
km
( √
xmk
1− xmk
+ f (xmk )
)
+
(
yν†yν
)
mk
1
1− xmk
]}
, (33)
and the modification in the denominator comes from
the total width decay, given by Eq. (32). Here xmk ≡
Nk
T 0
ℓj
H
ℓl, ℓ¯l
H,H∗
a)
Nk
T 0, T−
ℓj
H
ℓl
H
b)
Nk
Nm
ℓj
H
T
Σ
c)
FIG. 5. One-loop-level diagrams contributing to CP asym-
metry in the Nk decays with triplet components in the prop-
agators.
M2
Nm
/M2
Nk
and wk ≡ M2T/M2Nk . The CP asymmetry
given by the interference of the tree level in Fig. 4a
with the one-loop levels in Figs. 5a and 5b is ε
(1)
kj =
6ε
(1)
self−k,j + ε
(1)
vert−k,j (respectively) and reads as
ε
(1)
kj = −
1
8π (yν†yν)kk + 12πY (wk, y
Σ
k )
×
∑
m 6=k
Im
{
yν†kjy
t
j
[ (
yν†yt
)
k
( √
wk
1− wk + 3f (wk)
)
+
(
yt†yν
)
k
1
1− wk
]}
, (34)
which corresponds to a permutation of Nm and T in
Eq. (33) with suitable consideration of a factor
√
2 in the
vertex with charged triplet components. The interference
of the diagram in Fig. 4a and in Fig. 5c gives the new
source of CP violation,
ε
(2)
k,j =
3
16π (yν†yν)kk + 24πY(wk, y
Σ
k )
∑
m 6=k
(1− wk)
(1− xmk )
×
Im
{
yν†kjy
ν
jm
[
yΣk
(
(wk + 1) yΣ
∗
m − 2
√
xmk wky
Σ
m
)
+yΣ∗k
(√
xmk (wk + 1) y
Σ
m − 2
√
wkyΣ
∗
m
) ]}
, (35)
and it should be written explicitly as a function of αi
since the latter are the new CP-violating phases. Notice
that we have not summed over the final flavors j in the
results given in Eqs. (34) and (35). These equations hold
even for more than two singlets. However, these equa-
tions change if we introduce two or more triplets with
two singlets and we will not address this general setup.
Nk
T
Σ
a)
Nk
T 0
T
Σ
ℓl, ℓ¯l
H,H∗
b)
Nk
Nm
T
Σ
T
Σ
c)
Nk
Nm
T
Σ
T
Σ
d)
FIG. 6. Tree-level and one-loop-level contributing to CP
asymmetry in the Nk decays with a TΣ final state.
The CP contribution that comes from the interfer-
ence of the tree-level in Fig. 6a with the one-loop levels
in Figs. 6b, 6c, and 6d vanishes since only one triplet
has been taken into account. The diagram in Fig. 6b
automatically cancels out the imaginary combination
of couplings when it is summed over the lepton-flavor-
conserving and -violating loop diagrams. Each of the
diagrams in Figs. 6c and 6d has a vanishing imaginary
interference combination of couplings with the tree-level
diagram in Fig. 6a and do not contribute to CP asym-
metry with only one triplet.
The CP violation in the interference of the tree-level
diagram in Fig. 7a with the one-loop levels in Fig. 7b
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FIG. 7. Tree-level and one-loop-level contributing to CP
asymmetry in the Nk decays with a ℓH final state.
and 7c leads to
ε
(T )
j = −
1
8π (yt†yt)
∑
m
Im
{
yt∗j y
ν
jm
[ (
yt†yν
)
m
( √
wm
wm − 1
+f
(
1
wm
))
+
(
yν†yt
)
m
wm
wm − 1
]}
. (36)
For simplification, let us assume the hierarchical order
N1, T
0, N2, from the lightest to the heaviest, to give some
results in the unflavored regime (summing over the final
flavors), considering only the rough order of couplings
yν , yt and yΣ . If we consider the crude generalization of
Eq. (28) for all matrix elements,
ytk = O(yt), yνk1,2 = O(yν)(1 + i), yΣk ∼
√
2eiαkO(yν),
(37)
then we get ε
(SM)
1 = 0. For a realistic low-energy
connection it should also be related to sin θ13 in gen-
eral [6], but here the condition for (flavored) leptogenesis
sin θ13 & 0.09 [18] does not necessarily take place. Thus,
the simplified expressions for CP violation are roughly
given by
ε
(1)
1 ≃
( √
w
1−w + 3f (w)
)
4π (3 + w + 2
√
w cos 2α1)
O
(
y2t
)
(38)
and
ε
(2)
1 ≃
1
4π (3 + w + 2
√
w cos 2α)
[ (
1− w2)
(1 +
√
x)
sin (α1 − α2)
+ 2
(1− w)
(1 +
√
x)
√
w sin (α1 + α2)
]
O
(
y2ν
)
. (39)
Finally, the triplet gives rise to the following CP asym-
metry:
ε(T ) ≃ − 3
8π
[ √
w
w − 1 + f
(
1
w
)
+
√
wx
w − x + f
( x
w
)]
O
(
y2ν
)
,
(40)
where we have unequivocally denoted w ≡ w1 and x ≡
x21. The final CP violation in the N1 decays is given
by ε1 = ε
(SM)
1 + ε
(1)
1 + ε
(2)
1 . If ε
(T ) is suppressed or
vanishes by decaying in the equilibrium stage [2], the
N1 drives the leptogenesis mechanism. Our numerical
results are shown in Fig. 8 for x = M2N2/M
2
N1
= 10. The
naive approximations shown in Eqs.(38) - (40) may get
corrections if we proceed to a flavored analysis [21]. It is
straightforward to verify that if only one singlet and two
7triplets are taking into account the result is still almost
the same with minimal interchanges of couplings. On the
other hand, if two singlets plus two triplets are included
in the model, the results will change drastically due to
the fact that nonvanishing contributions from the graphs
in Figs. 6b- 6d are not canceled out and may not be
suppressed.
10010-110-210-3
10-5
10-6
10-7
10-8
10-9
w
Ε
Ε
T
Ε
1
+Ε
2
FIG. 8. Numerical CP violation in N1 and T decays [Eq. (38)-
(40)] in terms of w = M2T/M
2
N1
for α1 = π/2, α2 = 0, x =
M2N2/M
2
N1
= 10 and O(yν) = 10
−3, O(yt) = 10
−4.
Let us consider the very simplified limit, when yν and
yt have all real entries and CP violation comes only from
yΣ . In this case all CP violation vanishes except ε
(2)
1 in
Eq. (35). Using Eq. (37) with a null imaginary part for
yν and considering yν ∼ yt ∼ (mhy/vΣ) ∼ O(y) and
α = α1 = α2, we can get the CP in N1 decays as
ε
(2)
1 ≃
3
4π
sin 2α
(2 + w + 2
√
w cos 2α)
√
w (1− w)
(1 +
√
x)
O(y2).
(41)
The corresponding numerical result of Eq. (41) for x =
M2N2/M
2
N1
= 10 is shown in Fig. 9 with a close-up where
a maximum is obtained.
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FIG. 9. Numerical CP violation in N1 decays [Eq. (41)]
in terms of w = M2T/M
2
N1
for α = π/6, π/4, π/3, x =
M2N2/M
2
N1
= 10, and O(y) = 10−3.
For leptogenesis to be successful it is important that
the model reproduces the observed baryon-to-photon ra-
tio [22],
ηB = (6.19± 0.14)× 10−10 (42)
This can be analyzed by the out of equilibrium of Ma-
jorana decays. The out of equilibrium in N1 decays is
controlled by the decay parameter,
KN1 =
ΓN1
H (T = MN1)
, (43)
where H (T ) = 1.66g
1/2
∗ T 2/mPl is the Hubble parameter,
mPl = 1.22× 1019GeV is the Planck mass, and g∗ ≃ 110
in the present model is the number of relativistic degrees
of freedom in the thermal bath. The total decay width
is given by Eq. (32). An estimate of ηB can be obtained
when the photon production is the standard until the
recombination era as follows [20]
ηB ≃ 10−2κ1ε(2)1 , (44)
where the final expression for the efficiency factor, κ1,
has a very simplified form in the strong washout regime
(K ≫ 1),
κ1 (K) ≃ 2
zBK
(
1− e− 12 zB(K)K
)
, (45)
with the parameter zB,
zB (K) ≃ 2 + 4K0.13e−2.5/K . (46)
Equation (45) is calculated independently of the ini-
tial abundance of the heavy neutral fermions and, us-
ing Eq. (46), it may be approximated by κ1 (K1) ≃
0.5/K1.21 [23]. Without assumptions of any low-energy
constraints on Yukawa couplings, let us roughly as-
sume x = 10 and MN1 ≃ 3.5 × 1013GeV with the CP
given by Eq.(41) and maximized for α = π/3. Using
O(y) ∼ 0.5, we get ηmaxB ≃ 6.1 × 10−10 for w ≃ 0.3
(MT ≃ 1.9 × 1013GeV). It agrees with the experimental
value in Eq. (42). Our numerical estimate for ηB using
Eq. (44) is shown in Fig. 10 as a function of w. The asym-
metry generated in N1 decays can be erased by the late
decay of T , and a further comparative analysis on a full
set of Boltzmann equations to study the efficiency fac-
tors could elucidate this question about the final baryon
asymmetry [16].
V. CONCLUSION
We have considered a new source of CP violation in the
interplay between the type-I and type-III seesaw mech-
anisms. Two minimal models with one fermion triplet
plus one and two fermion singlets were studied. We
have shown that the CP asymmetry generated can be en-
hanced to produce the expected matter-antimatter asym-
metry through the leptogenesis mechanism. The main
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FIG. 10. Numerical result for the baryon-to-photon ratio ηB
as a function of w = M2T/M
2
N1
, obtained from Eq. (44) and
Eq. (41) forMN1 = 3.5×10
13GeV , α = π/3, x =M2N2/M
2
N1
=
10, and O(y) = 0.5.
feature is due to the new Majorana phase α which is
responsible for the new CP asymmetry and cannot be
absorbed by field redefinitions in the Lagrangian, as well
as the fact that the heavy neutrinos cannot be in a natu-
ral diagonal basis after Σ gets a VEV. Other connections
of α with phenomenological constraints may or may not
discard the present model. Hence, a low-energy connec-
tion should be necessary to restrict the model. Yet, the
acceptable range of sin θ13 should be used to restrict the
ε
(1)
1 and also to better understand the ε
(1)
2 , which also
may depend on sin θ13 if the imaginary part of standard
Yukawa couplings is nonvanishing. There is no straight-
forward relation to low-energy parameters since the La-
grangian in Eq. (1) (especially with more than two N’s
and/or T’s) mixes all heavy and light eigenstates, mak-
ing necessary the reconstruction of the leptonic matrix
mixing in terms of known neutrino data.
By a simplified analysis we have calculated the relevant
CP asymmetry considering only unflavored leptogenesis
and we observed that a sufficient amount of CP violation
can be obtained even if all Yukawa couplings are real,
whereas αi 6= 0. A sufficient baryon-to-photon ratio is
obtained if we consider a heavy N1 (MN1 & 10
13GeV).
This bound can be lowered if one considers the differ-
ent initial abundances for N1 and their connection with
low-energy parameters by Yukawa couplings [24]. It is re-
quired to avoid the so-called cosmological gravitino prob-
lem, which occurs if our scheme is embedded in a super-
gravity inflation theory, where the reheating temperature
has an upper bound Treh . 10
6 − 109 [25]. The flavored
investigation should point out some new aspects of lep-
togenesis in the context of the type I+III seesaw mech-
anism. In this way, the study of leptogenesis in second
heavier neutral fermion (N2-dominated) scenario may ap-
propriately constrain this model.
Finally, let us remark that the present study was made
with only one fermion triplet. The inclusion of a second
fermion triplet will give rise to new graphs and inter-
ferences which could be very tricky. The new graphs
contributing to CP asymmetry arise due to the propa-
gator of fermion triplet components and final states as
well as scalar triplets. Yet, a better understanding of
this mechanism would be given when the broken phase
is considered and M is not diagonal in general. This
modifies the mechanism presented as we rewrite the La-
grangian in the mass eigenstates and may increase the
final CP asymmetry.
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